To successfully hit a curveball, how does your conscious perception of the curving ball effect where your bat actually swings? From evading car accidents to using basic hand-eye coordination, we often rely on our perceptions of the world to help guide our actions. Successfully perceiving and interacting with a moving object requires the brain to encode how the object's edges (global motion) and the object's internal texture (local motion) are moving through space. In order to quickly process moving objects, the brain typically assumes that these motions are in agreement. However, this assumption is a simple shortcut that does not always reflect the true physical world, often leading to a visual illusion. Previous research has shown that the perceived trajectory of an object with contrasting global and local motion is a combination of the two motion directions.
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Introduction
To perceive an object in motion, the brain processes the motion of the object's edges and the motion of its internal texture to determine the overall trajectory. These motion signals are typically in agreement, which can lead the brain to create assumptions about objects in motion in order to quickly process what we see. While usually beneficial, these assumptions are often simple shortcuts that do not always reflect the true physical world. Under certain circumstances, these shortcuts are an inaccurate representation, which leads to a visual illusion. Researchers recreate visual illusions in lab settings in attempts to understand the assumptions the brain makes when processing an incoming visual image.
Double-Drift Illusion
A series of recent studies have explored how the perceived motion of an object is impacted by both its trajectory within the visual field (external, or global, motion) and the motion of the texture elements on the object's surface (internal, or local, motion). In the double-drift illusion, a target in the visual periphery moves globally in one direction, but contains perpendicular internal motion, resulting in a perceived trajectory that is a combination of the two directions of movement ( Figure 1 ). Global motion is defined as the overall path that the stimulus takes when moving across the screen, while local motion is movement within the stimulus. Local, or internal, motion in a Gabor patch is created using a translating luminance grating (Figure 2 ). Note the location of the sinusoidal luminance gradient in successive images; when shown as an animation, the texture of the image appears to rotate horizontally.
Despite the visual effect caused by a double-drift illusion, findings by Lisi and Cavanagh (2015) suggest that reflexive actions, specifically eye movements (or saccades) directed at a target, are not fooled by this illusion. Their first experiment consisted of two tasks -one to measure perception and one for action. The perceptual task displayed a double-drift illusion repeatedly travelling between the bottom and top of the screen. The participants then indicated whether the trajectory was tilted clockwise or counterclockwise with respect to vertical. Their results show that the local motion of the stimulus caused an illusory tilt of the trajectory of ± 50° (depending on the direction of the local motion).
In the action task, participants were shown oscillating double-drift Gabor stimuli in their periphery while maintaining fixation in the center of the screen. The fixation point and Gabor target disappeared after 1-3 oscillations, and participants performed a saccade (the action) to wherever they perceived the target to be when it disappeared.
The researchers were testing whether the saccades would land along the veridical physical path ( The arrows represent the saccades, with the arrowheads depicting the saccadic landing points. In Figure 3 .1, the saccades are shown landing along the veridical global trajectory of the stimulus. In Figure 3 .2, the saccades are shown landing along the perceived vertical trajectory. This figure was published by Lisi and Cavanagh (2015) .
In contrast to the perceptual task, the endpoints of the saccades did not significantly differ from the actual physical path of the trajectory ( Figure 4 , right side).
This result indicated that the saccade system tracks the actual global motion of the Gabor effectively. (2015) The graph on the left depicts the saccadic landing points in relation to a moving target with no internal motion. As to be expected, saccades reflect the actual trajectory (the saccade endpoints do not perfectly match the physical Gabor path due to the typical undershoot of saccades directed to brief targets). The graph on the right depicts the saccadic landing points in relation to a moving target with internal motion (a doubledrift stimulus). The saccades to the double-drift target closely resemble the saccades to the control target, indicating that the saccadic system fails to process the local motion that leads to the perceptual illusion. This figure was published by Lisi and Cavanagh (2015) .
A recent study by Massendari, Lisi, Collins, and Cavanagh (2016) , further The goal of this experiment was to quantify any distortion in the perception of the starting location of a double-drift illusion, so it was necessary to ensure that the participants' responses were not contaminated by the Fröhlich illusion (Fröhlich, 1923) .
To achieve this, the trajectory of the global motion of the stimulus was adjusted so that the horizontal local motion of the stimulus offset the horizontal component of the global trajectory, so that each stimulus would be perceived as moving vertically (i.e., with no horizontal motion). With this arrangement, the Fröhlich effect would cause an illusory vertical displacement of the trajectory's starting location but its horizontal location would remain unaffected. For each participant, an initial task (Task 1) was used to quantify the magnitude of the horizontal component of the global trajectory necessary to offset the effect of the local motion. Then, in a second experiment (Task 2), these parameters were used to ensure that the perceived trajectory of the double-drift illusion was vertical. We predicted that, within-subjects, the magnitude of the offset in Task 1 would correlate with the effect of the illusion across conditions in Task 2.
Task 1
The first task was implemented to measure the angle of the global trajectory that, when combined with local motion, caused the participant to perceive the trajectory as vertical. For example, to perceive a trajectory containing leftward internal motion as vertical, the global trajectory would need to be tilted to the right. In this task, participants were instructed to rotate the trajectory of the moving target, using the method of adjustment, so that it appeared vertical (a button under the left index finger was used to rotate the trajectory counterclockwise, or under right index finger to rotate it clockwise). Rotation of the trajectory pivoted around the lowermost point on the trajectory for all stimuli, so that this point was consistent for all three local motion conditions (left, static, and right). 2 Each single pass of the trajectory took 500ms, and repeated until the participant submitted their response. The angles of the global motion resulting in apparent vertical trajectories were recorded and used as parameters of Task 2 to modify the illusion to the sensitivity of the individual participant in efforts to prevent errors due to the Fröhlich effect. To measure the strength of the illusion, we calculated the difference between the necessary global motion angles for each participant to view the trajectories containing internal motion as vertical. A one sample 2 The first task came from another experiment and originally contained additional trials that were anchored at the top and went to three different locations on the bottom. We were not using these measurements, so we removed them to cut down the length of the experiment. The revised experiment only had the trajectory starting at a single location on the bottom, traveling to three different locations on top. The first seven participants did the longer task, while the rest of the participants did the revised task.
t-test was used to test whether the effect of the illusion was significantly different from zero.
Task 2
In the second task, participants were instructed to judge whether a probe, flashed for 30ms, was located to the left or the right of where the double-drift target appeared on the screen when beginning its trajectory (Figure 7) . The participants used a gamepad to submit their response, and could respond as soon as they had seen both the probe and the onset location of the trajectory. As in the previous task, the trajectory always started in one location on the bottom of screen and moved to one of three locations on the top.
In this task, the target only did a single global pass before disappearing at the top of the trajectory. The angles of the trajectories for the three different local motion conditions (leftward motion, static, and rightward potion) were specified for each individual participant based on the data collected in the first task, aligning the trajectory so that each condition would appear vertical for each participant. There were five probe delay conditions (-250, 0, 250, 500 , and 1000ms, with a negative delay indicating that the probe was presented before the start of the target trajectory), for a combined total of 15 trial types. The flashed probe duration was 30ms and it always appeared just below the starting point of the target's trajectory, while its horizontal location was adjusted in a staircase fashion (see appendix) to determine the location in which the probe was judged to lie with equal probability to the left and right of the starting location of the double-drift illusion (the point of subjective equality, or PSE). To measure the effect of the illusion, we calculated the location in each condition where the flash appeared to be aligned with the beginning of the trajectory.
We used an adaptive staircase procedure to narrow in on the flash location that had a 50% chance of being viewed on either side of the trajectory for each condition (see appendix). A univariate ANOVA with repeated contrast was used to test for differences in effect sizes between the different delays.
Results

Task 1
We measured the extent of the illusion in the first task by calculating the difference between the necessary endpoint coordinates for trajectories with leftward and rightward internal motion to be perceived as vertical. The effect of the illusion, as indicated by the difference values, was found to be significantly different from zero (one sample t-test, p<0.01, Figure 8 ). Angle Between Trajectories (dva) Subject Number Task 1 trajectory was detected [F(4,130) = 11.16, p>0.01] . In a repeated contrast, the magnitude of the illusion was significantly greater for the 0ms delay than for the -250ms delay (p = 0.004), and the effect for the 250ms was significantly greater than for the 0ms delay (p = 0.014). However, for delays greater than 250ms, the magnitude of the illusion hit a plateau, with no significant increases in illusion magnitude for increasing delays (p>0.55, Figure 9 ). The data points depict the difference in the PSE (degrees of visual angle) between trials with leftward and rightward local motion. The magnitude of the illusion for all delay periods was significantly different from zero (p < 0.01). The brackets above, connecting adjacent data points, depict the significance (*), or lack thereof (NS) in the difference in PSE between delay periods. Error bars represent the standard error for each delay period.
Task 1 x Task 2
We assumed that the distortion of the perceived trajectory in Task 1 was due at least in part to the misremembered location of the trajectory's starting point, as 
Discussion
Discussion of Hypotheses
As hypothesized, all delay periods resulted in a significant perceptual effect of the illusion (p<0.01, Figure 9 ). This finding is important, as it exemplifies that our stimulus effectively induced the illusion regardless of delay period. Our results also indicate that the distance between the actual starting point and perceived starting point (i.e. the effectiveness of the illusion) significantly increases following longer delay periods, up until 250ms, with the illusion plateauing at a maximal effectiveness for delays of 250ms or longer ( Figure 9 ). These findings suggest that although the illusion causes an immediate effect on the target's perceived location, the effect grows with delay such that the remembered location of the target's starting point shows greater effects of the illusion over time.
We also predicted that there would be a correlation between the magnitude of the illusory effects on the perceived trajectory of the double-drift stimulus (Task 1) and the perception (and memory) of its starting location (Task 2). Although in general the results showed a trend in this direction, the effect of the illusion in Task and ending locations so that a perceived trajectory can be inferred. However, as described in the next section, it may also be that the perception of the orientation of a target's trajectory may be based on different neural mechanisms than those responsible for achieving the perception of an object's location. If that is the case, one would expect little to no correlation between the perception of an object's trajectory and its location.
Perception v. Action
The original inspiration to run this thesis study stemmed from the findings of Massendari et al. (2016) revealing that actions, specifically saccades, were not fooled by the double-drift illusion, unless there was a delay between when the stimulus disappeared from the screen and when the saccade began. If our findings had indicated that the perceptual effects of the illusion were also not significant unless there was a delay, this finding in relation to Massendari et al. (2016) would have suggested that perception and action likely rely on a shared neural mechanism. However, our findings indicate that perception is fooled with or without a delay, and when taken together with Massendari et al. (2016) , suggest that there is a neural dissociation between perception and action. These results seem to provide support to Goodale's (1991, 1992) theory that the ventral and dorsal streams of visual processing are responsible for encoding perception and action, respectively. With that said, our perceptual task demonstrated that the error grew with increasing delays, and the magnitude of the effect at the earliest delay was significantly smaller than the rest. Therefore, Massendari et al. (2016) may not have had the statistical power to detect the same small mislocalizations at the earliest delays which would have also led to our delay-dependent results. Lisi and Cavanagh (2015) investigated the relative extents that perception and action mechanisms were affected by the double-drift illusion, finding that perceptions were significantly affected while reflexive actions were not. However, their experiment tasks differed in more than just the type of response (perceptual vs. action) required.
While the different characteristics of an object's motion (speed, location, distance traveled, direction) are perfectly correlated as per the laws of physics (e.g., a faster moving object will travel a greater distance in a given time than a slower one), the brain's subjective, perceptual assessments of these characteristics may not be, since it is possible that they are encoded using different neural mechanisms.
Indeed, Abrams and Landgraf (1990) demonstrated that the difference between an object's perceived spatial location at the start and end of a movement may differ from the perceived distance that it traveled. This finding indicates that we do not use knowledge of the distance traveled to determine the trajectory's endpoint, and vice versa. Smeets and Brenner (1995) found that the perceived velocity of an object can be dissociated from the changing perception of its location in space. Given these findings, it might be that the differences in illusion susceptibility measured in the perception and action tasks of Lisi and Cavanagh (2015) have less to do with a true difference between perceptual and action abilities, but were perhaps caused by the fact that one task (perception) required subjects to report on the orientation of a target's trajectory while the other (action) required subjects to move the eyes to the target's location. A more reliable comparison of perceptual and action abilities would require tasks that allow subjects to provide both perceptual and action reports on the target's trajectory, or on its location. Lisi and Cavanagh's (2015) perceptual task required participants to report whether the illusory target's trajectory was tilted left or right with respect to vertical, whereas their action task required participants to guide saccades toward specific locations along the path of the stimulus. The study of Massendari et al. (2016) was similarly limited, as is the current study (with Task 1 providing a perceptual measurement of trajectory, and Task 2 providing a perceptual measurement of perceived location). Future studies to assess the illusion susceptibilities of perception and action should be designed in ways that avoid this confound.
Fröhlich Illusion
A possible confound of the current study, that could have contributed to the insignificant correlation between the results of Task 1 and 2, are the potential effects of an unintended Fröhlich illusion. The Fröhlich illusion (Fröhlich, 1923 ) is a motionbased illusion in which a suddenly appearing object in motion is perceived to appear in a location offset in the direction of the motion. The Fröhlich illusion is thought to occur because, by the time the observer is consciously aware of the stimulus' sudden appearance, it has already travelled some distance along its trajectory. If the target moves along a diagonal vector, its perceived onset location will be in error in both the horizontal and vertical dimensions. Alternatively, if the target moves with a perceived vertical trajectory, then the error should only be along the vertical axis and should not affect the localization of the target's starting point along the horizontal axis.
To successfully assess the effects of the double-drift illusion on perceived location, the confounding effect of the Fröhlich illusion needs to be eliminated. In an experiment like the current one, we attempted to accomplish this by adjusting the trajectory of the double-drift stimulus so that the perceived trajectory was vertical (with the horizontal component of the global motion offsetting that of the local motion). In this way, the perceived offset of the starting point due to the Fröhlich illusion would be biased in only the vertical dimension, leaving the perceived offset in the horizontal dimension unaffected.
However, our assumption that the effects of the Fröhlich illusion are based on perceived trajectory may be inaccurate. If, for example, the Fröhlich effect is driven only by the target's global motion, then it would confound the results of the current study. Therefore, a planned follow-up study will further investigate whether the Fröhlich effect can explain the pattern of results presented here. This study will use three global trajectories (tilted left, vertical, and tilted right), and either leftward or rightward local motion, or no local motion. Conditions without local motion should show only the effects of the Fröhlich illusion, without the confounding effects of the double-drift illusion. We will be compare the error in the perceived start of the trajectories for the conditions with internal motion to the counterpart condition without internal motion, which will allow us to de-confound the effects of the two illusions.
Summary
In the double-drift illusion, the perceived trajectory of a moving Gabor is biased by its internal local motion (Tse & Hsieh, 2006; Lisi & Cavanagh, 2015) . It remains unclear whether this distorted trajectory is caused by erroneous perception of the current location of the stimulus, erroneous memory of its previous locations, or both. In the present experiment, we assessed how the perceived starting location of a double-drift trajectory changed over time. Participants were asked to compare the onset location to a flashed probe that could be presented before or after motion onset (-250, 0, 250, 500 or PSE indicates how far offset the perceived beginning of the trajectory moved due to the illusion.
We calculated the average PSE between the two staircases for each condition.
Next, we calculated the difference between these average PSE locations for leftward versus rightward internal motion conditions, within a delay period. This difference represents how much internal motion affected target localization, such that the greater the difference was, the greater the effects of the illusion. 
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